Reverse transcription of HIV-1 viral RNA uses human tRNA 3 Lys as a primer. Some of the modified nucleotides carried by this tRNA must play a key role in the initiation of this process, because unmodified tRNA produced in vitro is only marginally active as primer. To provide a better understanding of the contribution of base modifications in the initiation complex, we have designed a recombinant system that allows tRNA 3 Lys expression in Escherichia coli. Because of their high level of overexpression, some modifications are incorporated at substoichiometric levels. We have purified the two major recombinant tRNA 3
INTRODUCTION
In retroviruses, the initiation of reverse transcription is primed by a cellular tRNA that is encapsidated in viral particles+ tRNA 3 Lys is the natural primer of all immunodeficiency viruses, including the type 1 human immunodeficiency virus (HIV-1)+ In the virus, the primer tRNA is strongly bound to the genomic RNA through WatsonCrick base pairing of its 18 39-terminal nucleotides with the complementary viral primer binding site (PBS) (for reviews, see Marquet et al+, 1995; Mak & Kleiman, 1997 )+ The annealing of tRNA 3 Lys to the viral RNA involves extensive intermolecular contacts and major structural rearrangements as shown by chemical and enzymatic probing (Isel et al+, 1995 (Isel et al+, , 1998 (Isel et al+, , 1999 )+ In addition to the hybridization to the PBS, the anticodon loop, a part of the anticodon stem, and a part of the variable loop of tRNA 3 Lys interact with the viral RNA+ The interaction between the anticodon loop of tRNA 3 Lys and a conserved A-rich loop located upstream of the HIV-1 PBS is observed with the natural tRNA 3 Lys , but not with the synthetic tRNA 3 Lys lacking the natural modified nucleotides (Isel et al+, 1993 )+ Moreover, this loop-loop interaction requires the posttranscriptional modifications of the natural tRNA 3 Lys anticodon to be stable, particularly the thiolated base at position 34 (Isel et al+, 1993 )+ In addition, modified nucleotides of tRNA 3 Lys are required for both efficient initiation of reverse transcription and transition to elongation (Isel et al+, 1996) + Therefore, the posttranscriptional modifications of bases carried by the mature human tRNA 3 Lys are essential for its function as a primer of HIV-1 reverse transcription+ Up to now, functional studies on tRNA 3 Lys priming were carried out either with unmodified in vitro transcripts or with the natural tRNA 3 Lys purified from beef liver (Isel et al+, 1993 )+ None of these approaches is fully satisfactory: only the latter provides fully functional material, but it is labor intensive and does not allow for the incorporation of labels or mutations in the primer tRNA and the roles of the individual base modifications cannot be separated+ To overcome these problems, in the present work, we have designed an in vivo expression system for human tRNA 3 Lys in Escherichia coli+ The recombinant tRNA 3
Lys could be purified in large amounts (about 20 mg/L of culture) and its modified nucleotide contents was characterized+ Interestingly, a significant fraction of the posttranscriptional modifications of the natural tRNA 3
Lys are successfully incorporated by the E. coli modifying enzymes, and the resulting molecule is functional for the initiation of HIV-1 reverse transcription+ The role of some key modifications in the anticodon loop has been assessed+ The availability of numerous E. coli strains carrying mutations in genes coding for tRNA-modifying enzymes will make it possible to characterize the role of individual base modifications in this step of the viral cycle+ Moreover, 15 Nand 15 N/ 13 C-labeled functional tRNA 3 Lys has been obtained, thereby opening the way to NMR studies of tRNA 3 Lys interactions with viral RNA and viral factors (nucleocapsid protein, reverse transcriptase)+
RESULTS AND DISCUSSION
Overproduction of a mature tRNA 3
Lys
The posttranscriptional base modifications carried by mature tRNA 3
Lys are essential for its function as a primer of reverse transcription (Barat et al+, 1991; Isel et al+, 1993 Isel et al+, , 1996 Lanchy et al+, 1996) (Björk, 1996) and none of these have been described as crucial for priming reverse transcription+ Only m 1 A 58 is important for efficacy and fidelity of (ϩ) strand DNA transfer (Burnett & McHenry, 1997; Auxilien et al+, 1999) (Roy et al+, 1984) + The methyl of m 7 G 46 (3+86 ppm) resonates at a lower field because of the nearness of the positively charged N7 atom+ It gives a strong NOESY cross-peak to its aromatic H8 proton, which is also shifted downfield at 9+25 ppm (Fig+ 2) and is slowly exchangeable with the solvent, as previously described for m 7 G (Leroy et al+, 1985) + The methyl at 1+35 ppm corresponds to that of a threonine side chain+ Connectivities within the threonine spin system were confirmed in a TOCSY experiment (not shown)+ The NOE cross-peak between the methyl group of the threonine side chain and its amide proton can be seen in Figure 2+ Finally, the methyl at 2+95 ppm must correspond to the mnm 5 s 2 U 34 nucleotide because the NH at 10+05 ppm has two NOEs with a methyl at 2+95 ppm and a CH 2 group at 3+60 ppm+ The presence of the two dihydrouridines (D) could be detected in the NOESY and the TOCSY experiments, through the observation of correlations between the ring CH 2 methylene groups (not shown)+ These were straightforward to identify, as they resonate between 2+0 and 3+0 ppm, in a region of the spectrum that is otherwise devoid of signal in unmodified RNA+ However, individual assignment of these protons could not be achieved+ Pseudouridines (⌿) contain two imino groups (HN1 and HN3) separated by a CO group+ In an HNCO type experiment performed on a doubly labeled 13 C/ 15 N tRNA 3 Lys , these two imino protons must thus correlate to the same intervening carbonyl+ We were able to detect such a double correlation for ⌿ 55 (data not shown)+ For ⌿ 39 , only the HN1 imino proton was observed, presumably because the other imino group is in a fast exchange rate with solvent+ Confirmation of the ⌿ assignments came from 1 H{ 15 N} HMQC experiment (Fig+ 2B) in which both N1 imino groups of ⌿ 39 and ⌿ 55 resonate, respectively, at 133 ppm and 136 ppm in the nitrogen dimension, quite far from both the N3 iminos of Us (159-163 ppm) and the N1 iminos of Gs (146-151 ppm)+ Furthermore, the HNCO experiment also revealed the correlation originating from the threonine moiety of the t 6 A 37 nucleotide, which is traditionally observed across an amide bond+ As sulphur nuclei are not readily amenable to NMR studies, the presence of thiolated nucleotides was investigated by looking for their sensitivity to chemical Lys oxidation+ Iodine treatment of tRNA selectively promotes the formation of disulphide bridges between 2-thio-uridine residues (Carbon et al+, 1965 )+ This, in turn, inactivates the tRNA, which forms covalent dimers+ When applied to our recombinant tRNA, this treatment induces a dimerization of a fraction of the molecules (15-30%), as observed by denaturing gel electrophoresis (not shown)+ This indicates that a significant fraction of the recombinant tRNA contains thiolated nucleotides+ This must correspond to s 2 U 34 , because we checked that s 4 U 8 is not reactive to iodine under the same conditions using E. coli tRNA fMet , which only contains the latter thiolated nucleotide+
One of the imino resonances of the recombinant tRNA is strongly unshielded (14+90 ppm); this is characteristic of s 4 U 8 -containing tRNA (Heerschap et al+, 1983; Wallis et al+, 1995) and the unusual chemical shift has been ascribed to the deshielding effect of the sulphur (Heerschap et al+, 1983) Lys in E. coli (50-75% of total tRNAs), some complex modifications in the anticodon are incorporated at a substoichiometric level+ The two major submodified tRNA species have been separated by ion-exchange and hydrophobic-interaction chromatography on a preparative scale (species A and B2, see Materials and Methods) and their nucleotide modifications have been characterized by NMR and iodine oxidation+ The NOESY spectra of both species were very similar; in particular, the imino-imino fingerprint regions were identical, indicating that they had the same overall threedimensional fold+ Both species contained ⌿s, Ds, T, t 6 A, and m 7 G in apparently stoichiometric amounts+ The only difference concerned position 34+ Figure 3 shows the cross-peaks observed between methyl groups and imino protons in the NOESY spectra of the A and B2 species+ The A species does not contain the methylamino-methyl posttranscriptional modification of U 34 + However, it appears to contain a 2-thio-uridine as revealed by the iodine treatment+ Species B2 forms only very low levels of dimers and thus appears to mostly lack the 2-thio group+ Thiolated uridines absorb in the near UV region (332 nm); therefore we checked the A 332 /A 260 ratio of both species+ This ratio is 0+080 for species A, compared to 0+014 for species B2+ The A 332 / A 260 ratio of natural tRNA 3
Lys is 0+034, which supports the above observation that species A also contains s 4 U 8 in addition to s 2 U 34 + Overall, our results are consistent with the fact that species A contains s 2 U 34 and species B2 contains mnm 5 U 34 (Fig+ 1C)+ It has indeed been reported previously that these two modification steps at position 34 occur independently in E. coli (Sullivan et al+, 1985; Björk, 1996) + The other combinations of modifications at position 34, that is, U 34 and mnm 5 s 2 U 34 , probably correspond to the minor subspecies that were not separated from the bulk of E. coli tRNA (see Materials and Methods)+ Abilities of the different species of tRNA 3 Lys to prime reverse transcription First, we measured the hybridization rate of A and B2 species with the viral template+ In the presence of an excess of template RNA, species A hybridized at 82%, B2 at 69%, and the natural mammalian tRNA 3
Lys at 100%+ These differences most likely reflect the fact that the A and B2 tRNA 3 Lys species are contaminated by other tRNAs that cannot hybridize to the HIV-1 PBS+ Then, we compared the ability of mammalian tRNA 3 Lys , A and B2 overexpressed species, and unmodified tRNA 3
Lys to prime the synthesis of (Ϫ) strand strong stop DNA (Fig+ 4A) or to reverse transcribe the first 6 nt upstream from the PBS (Fig+ 4B)+ Analysis of the inter- Lys and species A induce RT pausing at position ϩ16, whereas species B2 and the "naked" tRNA 3 Lys do not+ It was previously shown that pausing at position ϩ16 is the hallmark of the interaction between the anticodon loop of tRNA 3
Lys and a conserved A-rich loop located upstream of the HIV-1 PBS (Isel et al+, 1996) , even though this interaction does not exist anymore when RT reaches the ϩ16 position (Lanchy et al+, 2000) + The number and the position of pausing products (.ϩ16) are very similar for A and the natural tRNA 3 Lys + For B2, almost no longpausing product can be observed, but the efficiency of reverse transcription is so weak that these bands are very faint+ This could indicate that the B2 species does not have the modifications required for the interaction with the A-rich loop+
The initiation of reverse transcription is characterized by a slow incorporation of the first 6 nt, followed by an ;3,000-fold increase in the polymerization rate between addition of the sixth and seventh nucleotides (Lanchy et al+, 1996 (Lanchy et al+, , 1998 )+ Thus, to better compare the initiation step, we limited DNA synthesis to the first 6 nt by using mixture of dCTP, dTTP, dGTP, and ddATP (Fig+ 4B)+ The ϩ3, ϩ4, and ϩ5 intermediate products are observed with the natural tRNA 3
Lys (Isel et al+, 1996) and with species A+ The kinetics of appearance and disappearance of these products as elongation proceeds are similar for both tRNAs+ However, the extension product bands from A are weaker than for the natural tRNA 3 Lys , indicating that, presumably, some of the additional modifications absent in the A species also contribute to the efficiency of the initiation+ On the other hand, only the ϩ6 and ϩ3 products are observed Lys and B2 species, and the latter product accumulates over time, as opposed to the natural tRNA and the A species+ This seems to indicate that the transition from initiation to elongation is not efficient for the transcript and B2 species+ Because the A and B2 species differ at the level of position 34, these results indicate that thiolation of U 34 most likely plays a pivotal role in the initiation complex formation, as previously described (Isel et al+, 1993 A 58 modifications are strictly required for the priming of reverse transcription, as all these are absent from the recombinant A species+
CONCLUSION
In this article, we have designed an alternative method that enables us to produce large amounts of recombinant human tRNA 3 Lys + In our view, overexpression in E. coli offers a number of significant advantages+ First, it allows the simple expression and purification of tRNA that is functional for HIV-1 priming+ The active fraction (species A) that carries the s 2 U 34 modification can be separated in two straightforward chromatographic steps+ About 2-4 mg of this functional species can be obtained from a 1-L culture and it takes less than a week, including cell-growth, to obtain this purified material+ This is a very significant improvement over the extraction from natural sources (i+e+, beef liver)+ Based upon the comparison of the activity of the various submodified species obtained, the present work thus shows that the thiolation at position 34 plays an important part for the priming of HIV-1 reverse transcription, in agreement with a previous study that showed that this modification is involved in the interaction with a conserved A-rich loop in the viral RNA (Isel et al+, 1993) A 58 ) are dispensable for initiation of reverse transcription+ Nevertheless, they could play an ancillary role in this step, as the extension rate from the recombinant species A is less efficient than that from the natural tRNA+ Finally, because both active and inactive tRNA pools have superimposable NOESY NMR spectra, apart from the U 34 spin system, an indirect structural effect of the modification of this nucleotide can therefore be ruled out+ Thus, thiolation of U 34 should most likely play a direct role in the formation of the initiation complex, probably in the interaction with the A-rich loop of the viral RNA+ Second, E. coli is a very convenient host to produce engineered tRNA 3 Lys variants+ On the one hand, mutations could be easily introduced into the synthetic tRNA gene to test their effect on initiation+ Provided that these mutations do not directly affect recognition by the modification enzymes, these variant tRNAs should keep the critical base modifications, and thus be useful tools to validate the initiation complex model+ On the other hand, numerous E. coli mutants have been described that are impaired in individual nucleotides modification steps+ These could be used to further characterize the role of the other base modifications present in the recombinant tRNA 3 Lys (asuE and trmCEF for mnm 5 s 2 U 34 , hisT for ⌿ 39 , trmB for m 7 G 46 , and trmA for T 54 ; reviewed in Björk, 1996) + Alternatively, genes encoding enzymes catalyzing the incorporation of the missing modifications could be cointroduced with the tRNA gene into E. coli+ For instance, the yeast TRM4 gene coding for the 5-methylcytidine-transferase modifying positions 48 and 49 has recently been cloned and characterized (Motorin & Grosjean, 1999) and could be used to test for the function of m 5 C 48 and m 5 C 49 + Third, the recombinant strategy makes it possible to incorporate stable isotopes into the primer tRNA 3 Lys + For instance, we have successfully produced 15 N-and/or 13 C-labeled tRNAs in sufficient amounts for NMR studies+ To our knowledge, it is the first time that such a large RNA (76 bases) has been isotopically enriched with both 13 C and 15 N+ Moreover, 1 H{ 15 N} heteronuclear HMQC experiments provide a simple and direct footprint of individual imino protons of the tRNA involved in secondary and tertiary interactions+ This should make it possible to follow the process of initiation of complex formation by NMR+ It should thus be possible to address the following questions: What are the viral factors that mediate the annealing of the host's tRNA 3 Lys to the PBS at physiological temperature? What part of tRNA 3 Lys is first melted? What is the dynamic mechanism of the formation of the initiation complex? Answers to these questions would be crucial for the design of inhibitors to this step of the viral cycle+
MATERIALS AND METHODS

In vivo expression of recombinant tRNA 3 Lys
The tRNA 3
Lys gene was assembled from six synthetic oligonucleotides (Eurogentec)+ The resulting double-stranded synthetic DNA was then ligated into the EcoRI and Pst I of the pBSTNAV vector, as previously described for the tRNA fmet (Meinnel et al+, 1988 )+ The DNA sequence of the resulting plasmid, pBSTK3, was verified on an ALF-1 automatic sequencer (Pharmacia)+ For unlabeled tRNA production, strains JM101TR of E. coli transformed with this plasmid were grown overnight at 37 8C in 2ϫ TY medium supplemented with 50 mg/mL of ampicillin+ Total RNA was recovered from the cells by phenol extraction+ The tRNA was then purified on a Superdex-75 prep grade gel filtration column (1+6 ϫ 50 cm; Pharmacia) eluted with 50 mM potassium phosphate buffer (pH 7+0)+ The recombinant human tRNA 3
Lys is aminoacylatable by the E. coli Lysyl-tRNA synthetase (not shown) and thus fractions containing tRNA 3 Lys could be followed through their lysine-accepting activity, using purified E. coli Lysyl-tRNA synthetase (the kind gift of Dr+ Pierre Plateau)+ From 500 to 600 A 260 units of purified tRNA were routinely obtained from a 1-L culture+ The lysine acceptance of the purified tRNA was 800-1,200 pmol per A 260 unit (i+e+, 50-75% purity)+ This level of purification was found to be sufficient to produce NMR spectra of reasonable quality+ For NMR measurements, the purified tRNA was extensively dialyzed against water before being lyophilized and dissolved in 90% H 2 O and 10% 2 H 2 O+ The pH of the NMR samples ranged from 5+6 to 6+0+ 15 N and 15 N/ 13 C-labeled tRNA samples were obtained by growing the recombinant strain in Martek-9N or Martek-9CN, respectively, containing 50 mg/mL of ampicillin and supplemented with 5 g/L of the corresponding celltone (Martek)+ The labeled tRNAs were purified as above+ Separation of submodified species of tRNA 3
Lys
As previously described for overproduced tRNA Lys in E. coli (Commans et al+, 1998) , various undermodified species could be separated by hydrophobic-interaction chromatography+ To characterize by NMR the base modifications present in each species, tRNA was extracted from a 15-L culture in 2ϫ TY, as described above+ Three steps of purification were used to separate the submodified species of tRNA 3 Lys + First, total tRNA was purified as above by gel filtration on a Superdex-75 prep grade column (2+6 ϫ 60 cm; Pharmacia) eluted with 50 mM potassium phosphate (pH 7+0)+ Approximately 16,000 A 260 units of lysine-accepting tRNA were obtained+ This crude tRNA was then applied on a monoQ column (Pharmacia) equilibrated in 20 mM potassium phosphate (pH 7+0) and eluted with a 450-650-mM NaCl gradient+ At this step, two major lysine-accepting peaks were collected: peaks A and B eluted at 510 mM and 530 mM NaCl, respectively, and corresponded to approximately 20% and 22% of total tRNAs, respectively+ These were pooled separately and further purified by chromatography on a phenyl-superose column (Pharmacia) equilibrated in 20 mM potassium phosphate (pH 7+0) and eluted with a 850-510 mM ammonium sulphate gradient+ Pool A produced a single symmetric peak, whereas pool B yielded several peaks, the larger two of which contained lysine-accepting tRNA: pool B2 (eluting first) and pool B3+ Approximately 250 A 260 units of pools A and B2 were used for NMR experiments after extensive dialysis against H 2 O+ B3 was found to be a mixture of several compounds and was not present in a sufficient quantity for NMR experiments+ Therefore, only A and B2 were further considered in this study+
Iodine treatment of tRNA
A and B2 species of tRNA 3 Lys were submitted to iodine oxidation, as previously described (Carbon et al+, 1965 )+ We mixed 0+08 A 260 units of each species of tRNA 3 Lys in the same volume of 1 mM iodine in 0+5% KI-0+01 M Tris-HCl (pH 7+0) during 20 min at 0 8C+ The samples were then ethanol precipitated and loaded on a 12% acrylamide/urea gel+ tRNA bands were revealed by ethidium bromide staining+
Primers, template, and retrotranscriptase
Approximately 100 A 260 units of the two major species (A, B2) were submitted to a second round of phenyl-superose purification (Pharmacia) to improve their purity+ The natural tRNA 3 Lys was purified from beef liver as described (Isel et al+, 1993) , was synthesized by in vitro transcription as previously described (Isel et al+, 1993) + After limited hydrolysis with cobra venom phosphodiesterase (0+07 U), tRNAs were labeled by reconstituting the 39-terminal CCA with 32 P-ATP and unlabeled CTP using tRNA nucleotidyltransferase+ tRNAs were then purified on polyacrylamide denaturating gel+
In all experiments, the template was an RNA corresponding to nucleotides 1-311 of HIV-1 genomic RNA (MAL isolate) synthesized in vitro by transcription with T7 RNA polymerase as described (Paillart et al+, 1994; Skripkin et al+, 1996) + Wild-type HIV-1 retrotranscriptase (RT) was a kind gift of Dr+ Stuart F+J+ Le Grice and was purified as previously described (Le Grice & Grüninger-Leitch, 1990 )+ (-) strand strong stop DNA synthesis assays Template RNA (70 nM) was hybridized with 32 P-labeled primer (0+2-0+7 nM) as described (Isel et al+, 1993 )+ The hybridization yield was measured by loading aliquots of each reaction mixture on a 6% nondenaturing polyacrylamide gel+ The radiolabeled reaction products corresponding to the hybrid and to the tRNA were quantified with a Bioimager BAS 2000 (Fuji) using the MacBAS V2+5 software+ Primer template (0+2-0+7 nM) was preincubated with excess HIV-1 RT (27 nM) for 4 min at 37 8C in 50 mM Tris-HCl, pH 8+0, 50 mM KCl, 6 mM MgCl 2 , and 1 mM dithioerythritol+ Reverse transcription was initiated by adding 50 mM of each dNTP+ The reaction was stopped at increasing time intervals (specifically, 0 s, 15 s, 30 s, 45 s, 1 min, 2 min-30 s, 5 min, 10 min, 15 min, 20 min, 25 min, and 30 min) by adding formamide containing 50 mM EDTA to aliquots of the reaction mixture+ ϩ6 product synthesis was performed as described above except that reverse transcription was initiated by adding 50 mM of dCTP, dTTP, dGTP, and ddATP+ For all experiments, the reaction products were analyzed on 8% denaturating polyacrylamide gels and quantified with a Bioimager BAS 2000 (Fuji) using the MacBAS V2+5 software+
NMR spectroscopy
Two-dimensional and three-dimensional NMR spectra were recorded with a Bruker DRX600, Bruker DRX800, or a Varian INOVA 500+
A two-dimensional NOESY experiment in 90% H 2 O with a mixing time of 150 ms was carried out at 800 MHz and 15 8C with 512 t1 increments and 2,048 data points per increment+ The spectral width was 18,400 Hz in both dimensions+ The solvent signal suppression was realized by "jump and return" pulses (Plateau & Guéron, 1982) with a delay of 35 ms optimized for maximum intensity in the middle of the imino proton resonance window+
The TOCSY (Griesinger et al+, 1988 ) spectrum in D 2 O was acquired at 600 MHz and 35 8C with 2,048 data points in the t2 dimension and 512 t1 increments+ The spectral width was 6,000 Hz in both dimensions+ A homonuclear proton spin lock with a MLEV-17 pulse sequence (Bax & Davis, 1985) was applied during a mixing time of 40 ms+ A 1 H-15 N HMQC experiment (Szewczak et al+, 1993) was carried out at 800 MHz and 15 8C with 128 t1 increments and 1,024 data points per increment+ The spectral widths were 6,000 Hz in the 1 H dimension and 2,000 Hz in the 15 N dimension+ The solvent signal suppression was realized as in the NOESY experiment+ An HNCO experiment (Kay et al+, 1990) was carried out at 600 MHz and 15 8C in a two-dimensional version with 1 H and 13 C dimensions+ We acquired 1,024 data points for 256 increments in the 13 C dimension and 384 scans per increment+ The high rate of exchange of imino protons with water makes this experiment less sensitive for nucleic acids than for proteins+ To avoid saturation of the exchangeable protons of tRNA, water suppression was achieved using flip-back pulses (Grzesiek & Bax, 1993 )+ The spectral widths were 6,000 Hz in the 1 H dimension and 7,545 Hz in the 13 C dimension+ The 1 H carrier frequency was set in the middle of the region of the exchangeable proton resonances+ Protons were decoupled from 15 N during acquisition using the GARP sequence (Shaka et al+, 1985) +
